Aim: The Indonesian island of Sulawesi is home to thousands of endemic terrestrial animal species. Phylogeographical studies of some of these taxa revealed concordant distribution patterns (areas of endemism; AoEs), suggestive of a shared evolutionary or ecological mechanism driving divergence among various terrestrial taxa. Generally, AoEs have been attributed to Pleistocene marine incursions, geological fault zones and Sulawesi's history as an archipelago. We test, for the first time, the hypothesis that population divergences are associated with unsuitable climate spaces at the boundaries between these areas. Location: Sulawesi, Indonesia.
| INTRODUCTION
Island ecosystems provide discrete, practical venues for examining processes of biological diversification (Gillespie, 2004) . Whereas much of our understanding of insular diversification is derived from investigations of between-island isolation (e.g., Grant & Grant, 2008; Lack, 1947) , recent work has begun to acknowledge the importance of processes that occur within large islands (e.g., Demos et al., 2016; Esselstyn, Maharadatunkamsi, Achmadi, Siler, & Evans, 2013; Justiniano et al., 2014; Losos, Jackman, Larson, Queiroz, & RodriguezSchettino, 1998; Setiadi et al., 2011; Toussaint et al., 2014) . In some cases, radiations of species have evolved in situ over just a few million years (e.g., Apomys and relatives on Luzon in the Philippines; Heaney et al., 2011; Justiniano et al., 2014; Heaney et al., 2016) .
Nonetheless, many large tropical islands-especially those of the Wallacean biogeographical zone-remain relatively unexplored in terms of their potential for the discovery of biogeographical mechanisms.
The island of Sulawesi, in Indonesia, is the centrepiece of Wallacea ( Figure 1a ) and is noted for consistent patterns of geographical structure among many of its terrestrial animals (Evans, Supriatna, Andayani, Setiadi et al., 2003; Lohman et al., 2011) . Fooden (1969) , in a study of the morphological variation among Sulawesi's seven parapatrically distributed macaque species, identified hybrid zones at species' range edges and speculated that the island's geological history might explain the location of these areas. The geographical structure of morphological and genetic variation in these macaques is now relatively well studied (Bynum, Bynum, & Supriatna, 1997; Ciani, Stanyon, Scheffrahn, & Sampurno, 1989; Evans, Morales, Supriatna, & Melnick, 2008; , and their hybrid zones, together with concordant phylogeographical breaks in two groups of amphibians (Evans, Brown et al., 2003; Evans, Supriatna, Andayani, Setiadi et al., 2003) , were used to define seven areas of endemism (AoE) on Sulawesi (Figure 1b) . Studies of other animal groups also have found extensive, geographically partitioned diversity, much of which is concordant with at least some of the AoE boundaries (see debate in Bridle, Pedro, & Butlin, 2004; Evans, Cannatella, & Melnick, 2004; Evans, McGuire, Brown, Andayani, & Supriatna, 2008; Eldridge, Achmadi, Giarla, Rowe, & Esselstyn, 2018) .
Concordant patterns of genetic diversity among taxa with disparate natural history traits, as seen in Sulawesi animals, suggest a shared mechanism of diversification (Arbogast & Kenagy, 2001; Evans, Supriatna, Andayani, Setiadi et al., 2003) . On Sulawesi, these concordant patterns have been linked to the island's geological history and geographical features (Driller et al., 2015; Eldridge et al., 2018; Evans, Brown et al., 2003; Evans, Supriatna, Andayani, Setiadi et al., 2003; Merker, Driller, Perwitasari-Farajallah, Pamungkas, & Zischler, 2009; Setiadi et al., 2011; Stelbrink, Albrecht, Hall, & von Rintelen, 2012) . This large (174,600 km 2 ), mountainous (six peaks >3,000 m), "K"-shaped island has a complex palaeogeographical history. Nugraha and Hall (2018) synthesized evidence from the geological record to reconstruct the palaeogeography of Sulawesi and its precursors over the last 20 Ma. They hypothesized that, 5 Ma, the island's current components were mostly below water. At that time, a cluster of six smaller islands were isolated by shallow seas <200 m deep. Between 5 and 1 Ma, continued tectonic activity and sustained uplift united most of the smaller islands and led to the formation of mountains in several areas. At 1 Ma, only the presentday Southwest peninsula was cut off from the rest of the island at the intermittently inundated Tempe Depression. That shallow marine zone is reconstructed as having been dry during glacial maxima and inundated during glacial minima (Gremmen, 1990; Nugraha & Hall, 2018) . In its present form, Sulawesi's land area is dominated by peninsulas and numerous mountainous regions. Fault lines across the island demarcate geological suture zones, regions that have experienced high tectonic activity and mountain uplift in the past several million years (Bellier et al., 2006; Hall, 2002; Nugraha & Hall, 2018) .
Many of the resulting mountain ranges are isolated by intervening lowlands, which may represent a habitat barrier to highland species (Eldridge et al., 2018) .
We evaluate three hypotheses to explain the consistent patterns of geographical isolation among populations of Sulawesi's terrestrial taxa. First, genetic subdivisions were caused by null processes such as isolation-by-distance or peninsular effects that yield phylogeographical breaks without discrete dispersal barriers (Irwin, 2002) .
Second, we follow previous studies and propose that populations diverged due to physical barriers to dispersal. Barriers may have existed on or between isolated palaeo-islands or after island coalescence via a number of landscape features (e.g., marine incursions of lowland areas, formation of rivers, or uplift of mountain ridges). Our third hypothesis, which has not been considered previously, is that climatic variation across Sulawesi drove concordant patterns of lineage diversification by creating climatic barriers to dispersal at AoE boundaries. If organisms are unable to disperse across unsuitable climatic spaces (e.g., lowlands) or they adapt to a distinct and geographically restricted climatic space, climatic variation could generate concordant phylogeographical patterns. This last hypothesis is primarily relevant for the time period during which most of the present-day island was above water and contiguous (i.e., 1 Ma to the present; Nugraha & Hall, 2018) .
Maxomys musschenbroekii, a small, omnivorous murid rodent that lives in primary and secondary forest, is an excellent candidate for exploring the AoE paradigm on Sulawesi and testing the hypotheses discussed above. The species is one of the most common and widespread terrestrial small mammals on the island, with an elevational range from near sea level to well over 2,000 m (museum records).
Although it is known from most forested sites on the island that have been surveyed for small mammals, it has never been the focus of phylogeographical analyses. Achmadi, Esselstyn, Rowe, Maryanto, and Abdullah (2013) 
Maxomys tajuddinii KC878151
Maxomys whiteheadi KC878158
Maxomys panglima KC878134
Maxomys cf. hellwaldii 
Maxomys hylomyoides KC878053
Crunomys celebensis KC878028 These specimens (Table S1 .1 in Supporting Information) are from 52 collection sites across Sulawesi. Sites <10 km apart from one another are grouped into 22 clusters (clusters 1-13, which include specimens with genetic data, are mapped in Figure 1b ; the remaining clusters are not mapped but are represented in Table S1 .1). We gathered external measurements (total length, tail length, hind foot length, ear length and mass) for 195 adult specimens from the field notes of collectors. To qualitatively determine whether the genetic divergences, we observed between AoE populations (see below) are associated with phenotypic differences, we conducted a principal components analysis of the correlation matrix of all five measurements and plotted various bivariate combinations of raw measurements.
| Sanger DNA sequencing
We had access to tissue samples of Maxomys musschenbroekii individuals from six of the seven AoEs defined on Sulawesi (Evans, Supriatna, Andayani, Setiadi et al., 2003) , and we selected 70 of these for DNA sequencing (Table S1 .1). We used PCR and published primers (Table S1 . Mix (Promega) for amplification and followed the recommended thermal cycler protocol for that reagent, using primer-specific annealing temperatures (Table S1 .2). Purified PCR products were sequenced at the Cornell University Institute of Biotechnology (Ithaca, NY) on an ABI 3730xl using Big Dye Terminator v3.1 chemistry (ThermoFisher). In GENEIOUS R9 (BioMatters), we edited chromatograms, called heterozygotes, and aligned sequences via MUSCLE (Edgar, 2004) . To resolve heterozygotes in the PCNGs, we algorithmically phased the sequences in PHASE 2.1.1 (Stephens, Smith, & Donnelly, 2001 ) with a probability threshold of 0.7.
Heterozygote bases that were unable to be phased under those parameters were left as their corresponding IUPAC ambiguity code.
All sequences are available on GenBank with accession codes MH068879-MH069205 (Table S1 .1).
| Mitochondrial phylogeny
Our first analytical goal was to build a densely sampled mitochondrial phylogeny for Maxomys musschenbroekii and other related species. To assess the monophyly of M. musschenbroekii, we compiled additional CYTB sequences from other Maxomys species with data available on GenBank. This set included three Crunomys specieswhich Achmadi et al. (2013) identified as being nested within Maxomys-along with two outgroup species from closely related genera (Bunomys penitus and Rattus norvegicus). We also included GenBank CYTB sequences from other M. musschenbroekii specimens for which we did not have fresh tissues available for this study. We aligned our new CYTB sequences and the sequences from GenBank in Geneious using MUSCLE. We assessed the fit of nucleotide substitution models in JMODELTEST 2.1.7 (Darriba, Taboada, Doallo, & Posada, 2012 ) and applied the best-fitting model according to the Bayesian Information Criterion to a maximum-likelihood (ML) phylogenetic analysis in PHYML 3.0 (Guindon et al., 2010) . We calculated nodal support using 100 bootstrap replicates.
| Ultraconserved element sequencing and assembly
We selected 11 Maxomys musschenbroekii individuals from six AoEs for ultraconserved element (UCE) sequencing and assembly (Table S1 .1). UCE sequences have primarily been used to build interspecific phylogenies (Faircloth et al., 2012) , but, as long as the variable regions adjacent to UCEs are included, they offer numerous advantages over other common markers (e.g., RAD-Seq) used in phylogeographical studies (Harvey, Smith, Glenn, Faircloth, & Brumfield, 2016) . These include repeatability and being comparable across more phylogenetically distant taxa. To sequence UCEs and the variable flanking regions, we followed the protocols of Giarla and Esselstyn (2015) . Briefly, genomic libraries were prepared using a Kapa "on bead" Library Preparation Kit (Kapa Biosystems). We baited the libraries using a UCE MYbaits probe set (MYcroarray) that targets c.
2,500 loci. We sequenced the enriched, pooled libraries on an Illumina HiSeq (150bp, paired-end) at the Georgia Genomics Facility (Athens, GA). Reads were subjected to quality control and trimmed using TRIMMOMATIC 0.32 (Bolger, Lohse, & Usadel, 2014) . We used PHYLUCE 1.5 (Faircloth, 2016) to automate the de novo assembly of reads for each sample in TRINITY 2.0.6 (Grabherr et al., 2011) . We also used PHYLUCE to identify contigs matching UCE loci and to align those loci via MUSCLE, discarding any alignment that included 3 or fewer individuals. Raw Illumina reads and UCE sequences are included in NCBI BioProject PRJNA437989; individual Targeted Locus Study accession numbers for UCEs are provided in Table S1 .1.
| Concatenated UCE phylogeny
No other Maxomys species have UCE sequences publicly available for use as an outgroup, so we used the mouse (Mus musculus) UCE sequences that Faircloth et al. (2012) extracted bioinformatically from the mouse genome. To minimize the potential effects of missing data on phylogeny estimation, we filtered our UCE loci to only include those with 75% or more of the individuals represented and those with at least one variable site. After the M. musculus sequences were aligned to our Maxomys sequences, we concatenated all of the loci in Geneious. We inferred a maximum-likelihood phylogeny with bootstrapping using the GTRCAT model in RAXML 8 (Stamatakis, 2014) on the CIPRES Science Gateway (Miller, Pfeiffer, & Schwartz, 2010) . We retained the default settings and let the program stop bootstrapping automatically according to the majority-rule criterion (autoMRE).
| Population structure in BPP
We assigned Maxomys musschenbroekii individuals to six putative "species" that correspond to six well-supported mitochondrial clades, each nearly entirely restricted to a single AoE (see Results). We tested for population structure in Bayesian Phylogenetics and Phylogeography (BPP) 3.3 (Yang, 2015; Yang & Rannala, 2010 using two datasets: (1) a geographically widespread set of 70
M. musschenbroekii individuals with sequences from four PCNGs and
(2) a subset of 11 individuals (1 or 2 from each AoE) sequenced for hundreds of UCEs. For all analyses, we used BPP's A11 mode to avoid specifying a guide tree in advance. For the PCNG dataset, we conducted four replicates each for four different combinations of priors on branch lengths and effective population sizes (s and h, respectively; Table 1 ). For the UCE dataset, we observed poor mixing on trial runs that included all of the loci at once (i.e., replicated runs on the same dataset produced markedly different results).
Therefore, we constructed 10 smaller UCE datasets, each comprising 500 randomly selected UCE loci. For each of those 10 datasets, we ran BPP four times, once for each of the four prior schemes, and results were more consistent. For all BPP analyses, we started the MCMC with a 25,000 generation burn-in period where no parameter values were recorded. This was followed by 500,000 MCMC generations, which we sampled every 10 generations.
| Time-calibrated species tree
Either five or six mitochondrial lineages were consistently delimited as "species" according to BPP analyses of nuclear loci (both UCEs and PCNGs; see Results). We inferred two species trees, one with all six mitochondrial lineages designated as distinct species, the other with five (where the West-Central and Southeast mitochondrial lineages were grouped as one, following the results of the BPP analysis of UCE loci). We inferred species trees using the STARBEAST2 algorithm (Ogilvie, Bouckaert, & Drummond, 2017) Wu & Li, 1985) . The PCNGs were all assigned uncorrelated lognormal clocks with an exponential prior on the mean rate.
The appropriate ploidy settings were applied to the X-linked ATP7A gene and the mitochondrial CYTB gene. We tested alternative nucleotide substitution models for the phased alignments for each locus in JMODELTEST and assigned the best-fitting model to the corresponding locus in BEAST. We ran BEAST for one billion generations, sampling the MCMC chain every 100,000 generations. We discarded the first 10% of trees in the posterior sample as burn-in and produced a maximum clade credibility tree in TREEANNOTATOR 2.4.5 (Bouckaert et al., 2014) .
| Ecological niche models
To calculate environmental distances between sample sites, we first constructed ecological niche models (ENMs) for Maxomys musschenbroekii using MAXENT 3.3.3k (Phillips, Anderson, & Schapire, 2006; Phillips & Dud ık, 2008) and georeferenced collection sites (Table   S1 .1). Museum records were downloaded from VertNet, and each record was checked for georeferencing accuracy. To minimize spatial redundancy, the initial 52 unique sites were thinned with a threshold of 10 km using the spThin package (Aiello-Lammens, Boria, (Hijmans et al., 2005) . We masked the modern data to the current extent of Sulawesi using ARCGIS 10 (ESRI, 2012) and the "raster" package (Hijmans & Etten, 2014) in R. We then calculated correlation coefficients among variables, removing those with high r values (≥0.70) to minimize collinearity. MAXENT tends to generate overly complex models under its default settings, which is problematic when transferring models across time or space (Warren & Seifert, 2011) . We used ENMEVAL (Muscarella et al., 2014) to identify settings for the best-supported MAXENT models, which were those within 2 AICc units of the top model. The models were then re-run using fivefold cross-validation and projected onto the historical climate datasets. To create consensus maps, we calculated AICc weights based only on the top models, applied the weights to the mean maps from cross-validation, and took the sum for each of the seven scenarios (modern, three mid-Holocene and three LGM). To evaluate potential changes in suitability in the landscape, we calculated similarity scores (Schoener's D and Hellinger's I) between the consensus modern map and each of the consensus hindcast maps using the "dismo" package (Hijmans, Phillips, Leathwick, & Elith, 2015) in R. As a metric of congruence among retrodictions, we calculated the similarity scores for consensus hindcast maps between circulation models.
| Isolation by environment and by distance
To build a regression model examining the effects of isolation by geographical distance versus isolation by environment (while accounting for AoE assignments), we compiled four matrices: patristic genetic distances, over-land geographical distances, environmental distances and a matrix of AoE assignments. We computed ML-corrected patristic distances in Patristic 1.0 (Fourment & Gibbs, 2006) using the CYTB ML phylogeny with outgroups pruned out. For locations represented in the CYTB ML phylogeny, we used CIRCUITSCAPE (Shah & McRae, 2008) to measure both over-land geographical distances and environmental distances. CIRCUITSCAPE uses raster layers as friction surfaces and a random walk algorithm to estimate how the landscape might hinder or facilitate movement between pairs or among sets of nodes. For the simple over-land geographical distances, we used a "flat" surface-which did not take environmental suitability into account-and sampled areas as nodes. For the environmental distances, we used consensus maps of our ecological niche models as conductance surfaces and sampled areas as nodes.
To accommodate environmental variability over time and the shifting extent of the island due to sea level changes, we estimated both geographical and environmental distance at present, the mid-Holocene and the LGM. Finally, to compute the AoE matrix, we assigned specimens to AoEs using the amphibian and macaque boundaries from Evans, Supriatna, Andayani, Setiadi et al. (2003) and constructed a simple distance matrix in which individuals were designated as belonging to the same (0) or different AoEs (1).
We used multiple matrix regression with randomization in R (MMRR; Wang, 2013; script available from Dryad Digital Repository, https://doi.org/10.5061/dryad.kt71r) to quantify contributions of genetic isolation by geographical distance and isolation due to differences in ENM suitability, while accounting for AoE affiliation. Environmental and geographical distance matrices were scaled to allow comparison of coefficients. We used a binomial test to determine whether the proportion of models in which the coefficient associated with ENM-related isolation had a larger magnitude than isolation by random-walk distance was different from random.
| RESULTS

| Phylogenies
The four genetic data matrices we compiled differ in the number of loci, length of the combined alignment, amount of missing data and number of variable sites ( Table 2) Figure 1b) , is nested within the clade containing all of the specimens from the Southeast AoE (Figure 1c ). Relationships among the six different lineages are generally poorly supported, except for the strong support for a sister relationship between the two clades from Sulawesi's northern peninsula (Northwest and Northeast AoEs).
The time-calibrated species tree generated from a combined analysis of CYTB and four PCNGs has a similar topology to the CYTB tree, except the Southeast clade is part of a strongly supported group that also includes the West-Central and East-Central lineage (Figure 2a ). When individuals from the West-Central and Southeast AoEs were assumed to be the same species, the resulting topology, relative branch lengths and support values are nearly identical to the 6-taxon species tree ( Fig. S1.1 
| Population structure and morphology
Results from a series of replicated BPP analyses using four PCNGs were generally in agreement regarding population structure among AoE clades, with a minor effect of prior choice on probability of "species" delimitation (summarized in Table 3 ; full results in Table S1 .3). With a posterior probability (PP) threshold of 0.95, prior Schemes 1 and 2 failed to delimit the Southwest and Northeast mitochondrial clades (PP ranging from 0.78 to 0.87 across the replicates), whereas Prior Schemes 3 and 4 both consistently did (PP ≥ 0.98). The other four mitochondrial clades were each delimited with stronger support (PP ≥ 0.93) across all prior schemes.
We conducted BPP runs using UCE loci in four sets, one for each prior scheme. Each set included 10 BPP runs using 500 randomly selected loci from the 1,544 available UCEs. Posterior probabilities for all delimited species were extracted from the output files (Table S1 .4) and averaged across the replicates within each prior scheme set. (Table S1 .5).
The settings from these eight models were used to generate new models with cross-validation for prediction and hindcasting. The resultant maps (Fig. S1 .5) were used to generate consensus maps for each scenario (Figure 3 ). Overall, models had similar mean AUC scores, and there was little difference between mean training and mean testing values (Table S1 . 5 Values are average PPs from ten 500-locus subsets under each PS. Only the seven putative "species" that receive posterior probabilities >0.25 on average in either dataset are shown here.
Modern
Mid-Holocene Last Glacial Maximum for the CC circulation model at LGM (Fig. S1.8 ).
| Isolation by environment and distance
Results of the MMRR analysis comparing environmental distance and over-land geographical distance to genetic distances, while accounting for AoE affiliation, identified a consistent signal of AoE assignment across all eras, regardless of circulation model (Table 4) .
Regression coefficients (b) of ENM-related isolation were significant for all three eras, but were not significant when using the MPI and MIROC circulation models representing the Last Glacial Maximum (Table 4) . Geographical distance coefficients were significant in four of seven models, and the coefficient associated with environmental distance had a larger magnitude than the coefficient associated with geographical distance in 6 of 7 models (p = 0.125).
| DISCUSSION
| Phylogeographical structure
Our phylogeographical analyses of Maxomys musschenbroekii were based on datasets that differed substantially in data type as well as in the numbers of loci and individuals sampled (Table 2) . By analysing diverse data types (e.g., PCNGs vs. UCEs) via multiple methods, we hoped to circumvent potentially confounding data-type effects, which have been shown to bias phylogenetic analyses (Reddy et al., 2017 One individual from the CYTB tree, MVZ225777, was collected from cluster 13 in the West-Central AoE (Figure 1b Southeast clades as "species" with PP ≥ 0.95, whereas six did not delimit these clades as "species" (PP < 0.2; Table 3; Table S1 .4; Fig. S1 .2). We only detected this inconsistency in results by sequencing hundreds of loci, replicating analyses with subsamples of the data and testing multiple combinations of priors. Inconsistencies among the BPP results for different prior schemes and datasets likely reflect the relatively low per-locus variation in our nuclear loci (both PCNGs and UCEs; Table 2 ).
T A B L E 4
Results of the multiple matrix regression with randomization (MMRR) analysis assessing correlations between a patristic genetic distance matrix and three other matrices (geographical distances, environmental distances and AoE assignment) for Maxomys musschenbroekii in Sulawesi : 1960-1990 ; Mid-Holocene:~6,000 years ago; LGM:~22,000 years ago), in part, due to shifting sea-levels.
b b values with higher magnitudes for environmental distance than geographical distance.
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Despite some disagreement among datasets and models, our results provide the first evidence that Maxomys musschenbroekii could comprise at least six geographically restricted and genetically divergent populations. Because BPP is known to routinely conflate intraspecific population structure with boundaries between species (Sukumaran & Knowles, 2017) , we are treating "species delimitations" made by BPP as evidence for population structure under the multispecies coalescent model. Given the relatively shallow divergences among the six clades (all less than about two million years old, Figure 2a) , it is unsurprising that AoE clades are not morphometrically distinguishable (Fig. S1 .3 and S1.4).
| Mechanisms of AoE concordance: oceanic and landscape barriers
The phylogeographical structure we found is consistent with the AoEs identified for other species on the island (Evans, Supriatna, Andayani, Setiadi et al., 2003; Fooden, 1969) . Given Sulawesi's history as an archipelago comprising up to six precursor islands, marine barriers are an especially plausible mechanism for allopatric divergence in Sulawesi's contemporary endemic terrestrial taxa, with the probability of divergence affected by the depth, width and persistence of the barrier. Once the individual precursor islands became connected, landscape barriers within the growing island may have taken on greater importance.
Because the closest relatives to M. musschenbroekii currently inhabit islands on the Sunda shelf , the ancestor to M. musschenbroekii likely arrived in proto-Sulawesi via transoceanic sweepstakes dispersal. This process was inferred for up to 80% of the Sulawesi endemic taxa studied by Stelbrink et al. (2012) and is thought to be common for a diversity of terrestrial species over geological time-scales (Heaney, 2007 (Spakman & Hall, 2010; Stelbrink et al., 2012) . Depending on the timing of its dispersal across Wallace's Line, the ancestor to M. musschenbroekii would have occupied one or more of Sulawesi's precursor islands, all of which were separated by shallow seas (Nugraha & Hall, 2018) . If some individuals dispersed to the other precursor islands, this may have initiated the formation of AoE patterns of genetic diversity. Coalescence of the complete modern landmass occurred through uplift between 1 and 4 Ma (Nugraha & Hall, 2018) .
We inferred the six AoE clades as having diverged between approximately 230 Ka and 1.5 Ma (Figure 2a) , placing the origin of the population structure within M. musschenbroekii during the last stages of coalescence and a period of extensive uplift (Nugraha & Hall, 2018) . By 1 Ma, only the southern peninsula remained disconnected from the rest of the island (Nugraha & Hall, 2018) . As such, we cannot rule out dispersal across marine barriers as being 
| Mechanisms of AoE concordance: climatic variation and isolation by distance
Climate variation can drive phylogeographical stratification and, eventually, speciation when taxa exhibit phylogenetic niche conservatism, a common pattern wherein closely related species or populations retain the ecological traits (e.g., physiological tolerances) of their common ancestors (Wiens & Graham, 2005; Wiens et al., 2010) . For tropical mammals, niche conservatism appears to be strong, especially with regard to temperature tolerances (Cooper, Freckleton, & Jetz, 2011; Olalla-T arraga et al., 2011 LGM (~22,000 yr BP) suggest geographical stability in climate suitability over the last~20,000 years, regardless of circulation model (Tables S1.7 and S1.8). Because these two eras represent the probable extremes of climates on Sulawesi after coalescence-from cool, dry, low-sea-level periods like the LGM to warm, wet, high-sea-level periods like the mid-Holocene-we can infer that the ecological barriers near AoE boundaries in all three ENMs persisted after the island coalesced in the Pleistocene.
We quantified the effects of isolation by environment and distance using multiple matrix regressions with randomization (MMRR), an analytical tool that can disentangle the effects of multiple variables on genetic distances. In our case, we assessed the extent to which (1) over-land geographical distances, (2) ecological distances inferred from ecological niche model resistance surfaces and (3) AoE assignment could explain patristic distances on the CYTB gene tree.
Regardless of era or climate model, our MMRR models (Table 4) have relatively high coefficients of determination (R 2 ), with the three predictor variables explaining~88% of the variation in genetic distances across all eras and climate scenarios. The magnitude of the regression coefficients (b) is highest for the AoE assignment matrix, suggesting that the AoE regions defined by toads and macaques (Evans, Supriatna, Andayani, Setiadi et al., 2003) have the strongest predictive value for genetic distances. This result is unsurprising given the obvious geographical structuring apparent in our CYTB phylogeny and is similar to the conclusions of Evans et al. (2004) , who used partial Mantel tests to reject isolation by distance in an endemic toad species by demonstrating that individuals within the same AoE were more closely related to those from different AoEs while controlling for geographical distance. In our MMRR analysis, while accounting for AoE assignments, the magnitude of the b values for the environmental distance matrix are consistently larger than those for the geographical distance matrix, suggesting that environmental differences (regardless of era or climate model) better explain differences in genetic distances between AoEs than geographical distance alone. We could not reject that the frequency of larger b values for environmental distances was the result of chance alone, yet this binomial test had low sample size that may preclude a clear result. Overall, these results suggest that environmental differences around AOE boundaries supplemented marine barriers in establishing or maintaining the genetic partitioning we observed.
One potential limitation of this work is the possibility that recent habitat loss has biased the apparent geographical and elevational distribution of M. musschenbroekii. Progressive habitat loss that begins in the lowlands and continues uphill, combined with the use of only recently sampled localities for ecological niche modelling, might lead to the erroneous inference of climatic barriers in lowland areas. We obtained georeferenced collection sites from the online museum collection aggregator VertNet (vertnet.org) . This resulted in a compilation of samples collected after 1970 (Table S1 .1). The elevational distribution of these samples spans 122-2,300 m elevation. In general, many specimens collected on Sulawesi prior to 1970 (and especially colonial-era samples) are not accessible online, and their descriptive localities are not precise, preventing accurate georeferencing. We suspect that if we could accurately georeference the earliest collections, we would increase the relative representation of lowland sites used for niche models. However, we note that seven of the georeferenced sites used here are from <400 m elevation and these are dispersed widely across the island, being in the general vicinities of site clusters 1, 9 and 10 ( Figure 1b) . Increases in sample size would affect model fit (Wisz et al., 2008) and expanded geographical representation would affect what would be considered background data (Phillips & Dud ık, 2008; Phillips et al., 2006) , yielding alternative estimates of climate suitability and its distribution (Anderson & Raza, 2010; Barve et al., 2011) . The geographical change from our current models due to such additional data would be difficult to assess a priori, but we suspect it would reduce our environmental isolation metrics to values more consistent with geographical isolation.
| Conclusions
Previous phylogeographical studies of animal taxa on Sulawesi have attributed concordant AoE patterns to landscape features (e.g., marine barriers between palaeo-islands), Pleistocene marine inundations, isolation by distance, or a combination of the three (Driller et al., 2015; Eldridge et al., 2018; Evans, Brown et al., 2003; Evans, McGuire et al., 2008; Evans, Morales, et al. 2008; Merker et al., 2009; Setiadi et al., 2011; Shekelle, Meier, Wahyu, Wirdateti, & Ting, 2010 
